INTRODUCTION
Avian influenza A virus has been demonstrated to have 16 haemagglutinin (HA) and nine neuraminidase (NA) subtypes, creating at least 144 possible combinations (Alexander, 2000; Fouchier et al., 2005; Webster et al., 1992) . The virus genome consists of eight ssRNA segments of negative polarity (González et al., 1996) . Wild aquatic birds are the major natural reservoir of all known HA and NA subtypes of influenza A viruses (Webster et al., 1992) . However, some avian influenza virus (AIV) subtypes have been transmitted to domestic poultry, causing severe or mild disease. The first isolated subtype H9 AIVs were reported in the USA in 1966 (Homme & Easterday, 1970) and have since been reported in various regions including Hong Kong, mainland China, SouthOf the three previously identified avian H9N2 virus lineages from south-eastern China, viruses genetically closely related to the Dk/Hong Kong/Y439/97-like lineage from aquatic birds have been transmitted in Korean avian species and form the distinct Korean-like lineage of H9N2 viruses (Choi et al., 2005; Guan et al., 1999; Lee et al., 2000) . The first AIV outbreak in Korean poultry was caused by an H9N2 virus (Ck/Korea/25232-96006/96) in 1996 (Mo et al., 1997) , and since 2000, H9N2 viruses have become dominant in Korean chicken poultry (Lee et al., 2007) . This relative endemicity, particularly in layer farms, has created several distinct avian H9N2 virus sublineages that have occasionally caused economic losses in the local poultry industry due to decreases in egg production and sometimes severe morbidity leading to mortality in chickens. Recently, most H9N2 viruses circulating in Korean poultry farms have further formed two antigenically distinct groups: Ck/Korea/25232-96006/96-like (1996 to mid-2003 isolates) and Ck/Korea/04116/04-like (late 2003 and 2004 isolates) (Lee et al., 2007) . However, we have shown previously that more recent H9 isolates (late 2004-2007 surveillance data) from live-poultry markets (LPMs) are already more phylogenetically and antigenically related to the latter group (Ck/Korea/04116/04-like) (Moon et al., 2010) . Apparently, these isolates have undergone significant antigenic drift and shift with wild aquatic AIVs that has somehow altered their pathogenicity in experimental animals.
As vaccination is considered a promising control measure for H9N2 infection in poultry, the Korean government permitted the use of an inactivated vaccine derived from a selected Korean H9N2 isolate (Ck/Korea/01310/01) to be used among layer poultry in October 2007 . This study concerns the pathogenic potential of H9N2 viruses circulating in poultry farms from January 2008 up to December 2009. As the national immunization programme was carried out in layer chickens, it was important to investigate whether circulating AIVs (especially H9N2 subtype) have undergone further significant genetic evolution with the advent of vaccination. Our data represent surveillance and phylogenetic characterization of recent H9N2 viruses isolated from slaughterhouses dedicated to commercial farms and large-scale backyard poultry in South Korea. We report here that most H9N2 isolates in the present study were reassortant viruses between previously circulating Ck/Korea/04116/04-like (H9N2) and Dk/Korea/LPM17/05-like (H3N2) viruses or Korean aquatic bird viruses. Furthermore, animal challenge studies revealed that most of the novel H9N2 genotypes were able to replicate in H9N2-vaccinated birds, suggesting that the current commercial vaccine does not provide full or cross-protection against infection from these newly emergent H9N2 viruses under experimental conditions. This study demonstrated that periodical updating of the vaccine strain is required, supported by surveillance data, in order to provide sufficient protectivity against H9N2 virus infections.
RESULTS

Virus isolation and subtyping
To investigate the prevalence and genetic characteristics of H9N2 viruses after the national vaccination programme in layer poultry, we collected faecal samples and cloacal swabs of domestic poultry from several poultry slaughterhouses located in the Chungcheong province of Korea. The supernatants from processed samples using media containing appropriate antibiotics were propagated in the allantoic fluid of 10-day-old embryonated chicken eggs. The subtype of each isolate was determined by multiplex RT-PCR methods and confirmed by sequencing, as described previously (Chang et al., 2008 To determine the genetic origins of H9N2 viruses, we selected 15 H9N2 isolates based on isolation host (ten chicken and five duck isolates) and month of isolation for genetic characterization and then tested their pathogenic potential in chickens and ducks, including immunized chickens. In addition, a duck (Dk/Korea/CBU08107/08) and two chicken (Ck/Korea/HC09/09 and Ck/Korea/ HC0410/09) virus isolates from a poultry farm and backyard poultry, respectively, were analysed.
Phylogenetic analysis
HA and NA surface genes. The HA genes of the 18 H9N2 isolates were sequenced and analysed by the neighbour-joining (Aiyar, 2000) and phylograms were generated by the neighbour-joining method using the tree drawing program NJPlot (Perriè re & Gouy, 1996) . Bars, number of substitutions per nucleotide. Ab, Aquatic bird; Ck, chicken; Dk, duck; Em, environment; Gf, guineafowl; Gs, goose; Md, mallard; Mu, muskrat; Pa, partridge; Ph, pheasant; Pl, plateau pika; Qa, quail; Sck, silky chicken; Sw, swine; Tk, turkey; Pp, plateau pika; Ga, garganey; Gf, guineafowl.
91.1-94.2 % nucleotide identity). Only Dk/Korea/CBU08107/ 08 and Ck/Korea/SH0802/08 clustered closely with previous Korean H9N2 viruses under the Ck/Korea/04116/04-like lineage, as was observed for their HA genes (95.7-98.6 % nucleotide identity) (Fig. 1b) . These data demonstrated that the donor viruses for the H9 HA genes of the viruses from poultry appeared to have come exclusively from previous Korean Ck/Korea/04116/04-like viruses, whereas the N2 NA genes appeared to have been derived from three different AIV sources.
Internal genes. (Fig.  1g, h ). Taken together, the phylogenetic analyses indicated that Korean H9N2 AIVs are continuously evolving in Korean domestic birds through multiple, independent reassortment events with previously reported H9N2 and H3N2 viruses in domestic poultry and migratory wild birds. (Fig. 2) . These results suggested that reassortment events, perhaps following co-infection in susceptible do-mestic birds, may have contributed to the rapid genetic evolution of these H9N2 viruses, generating additional novel genotypes that eventually emerged in domestic poultry. Nevertheless, there were no isolates that contained genes of the highly pathogenic avian influenza (HPAI) H5N1 viruses (i.e. Em/Korea/W149/06) from migratory birds that caused wild-bird and domestic poultry outbreaks in 2006 in South Korea (Lee et al., 2008) .
Genotypes of H9N2 viruses
Molecular analysis
Molecular characteristics were determined by comparing the deduced amino acid sequences in specific sites previously defined to affect antigenicity, pathogenesis, host tissue tropism and drug resistance (Gubareva et al., 1997; Hatta et al., 2001; Hay et al., 1985; Holsinger et al., 1994; Kaverin et al., 2004; Kiso et al., 2004; Matrosovich et al., 2001; Zamarin et al., 2006) . All isolates maintained the conserved positions at the receptor-binding sites, particularly the AIV-like glutamine (Q) 226 responsible for the binding affinity to a-2,3-linked sialic acid receptors (Matrosovich et al., 2001) . Except for genotype A isolates, all viruses contained the amino acid bases PQATSGRQG at the cleavage site, a motif similar to that of the vaccine strain (Ck/Korea/01310/01) (see Supplementary Table S1 , available in JGV Online). The genotype A viruses (Ck/ Korea/SH0802/08 and Dk/Korea/CBU08107/08) possessed the sequences PQVASGRQG and PQAASGRQG, respectively. The latter cleavage motif is similar to those of Ck/Korea/04116/04-like viruses reported recently (Moon et al., 2010) . Relative to Ck/Korea/01310/01, there were at least four substitutions observed among the prospective antigenic sites at positions 116, 133, 145 and 189 (H9 numbering) in the HA1 region of H9 as described by Kaverin et al. (2004) (Table 2 ). However, comparison of the current isolates with previously reported Korean H9N2 viruses available in GenBank indicated amino acid substitutions at characteristic sites other than those described by Matrosovich et al. (2001) and Kaverin et al. (2004) . Particularly, isolates prior to 2007-2008 had a mutation rate of about 2-3 % in the HA gene every 2 years with respect to the 2001 vaccine virus (Ck/Korea/01310/01) ( Table 2 and Supplementary Table S2 , available in JGV Online). In contrast, a mutation rate of 5 % had already been incurred by the 2009 viruses in this study since 2007, with almost consensus substitutions (at aa 76, 79, 97, 123, 179 and 222) that were distinct from previous isolates. Furthermore, 2009 H9N2 viruses (Ck/Korea/A146/09 and Dk/Korea/A174/09) isolated from a different province by another group (Kim et al., 2010) appear to have similar mutation patterns, suggesting analogous genetic evolutionary pathways.
There were no specific amino acid deletions or substitutions in the NA (NA activity sites and stalk regions), NS1 (aa 92), M2 (M2 ion channel blocker, aa 26 and 31) and PB2 (aa 627 and 701) genes, whilst all isolates contained PB1-F2, an alternatively spliced PB1 viral protein, suggesting that no significant molecular markers had been modified in the viruses during their genetic reassortment in domestic poultry.
Antigenic analysis
Phylogenic and genetic analysis of the H9N2 viruses of domestic poultry demonstrated the emergence of novel H9N2 virus genotypes after 2007. Therefore, we analysed their cross-reactivity with the Ck/Korea/01310/01 vaccine strain (Table 3) . Genotype A isolates (Dk/Korea/ CBU08107/08 and Ck/Korea/SH0802/08) showed relatively high cross-reactivity to the reference virus (HI titres: 320), whilst genotypes C (n55), D (n53) and F (n54) demonstrated moderate cross-reactivity (HI titres: 40-160). In contrast, genotype B (n52) and E (n52) isolates, although sharing the same Ck/Korea/04116/04-like HA lineage with the vaccine strain and the other viruses studied, indicated the lowest cross-reactivity with HI titres of only 20-40. These data suggested that the HA genes of the 2009 H9N2 viruses, particularly those of genotypes B and E, are antigenically distinguishable from the current vaccine strain. Therefore, the results of antigenic analysis correlated with the molecular changes and mutation rate incurred by the HA proteins of the recent H9N2 viruses (Table 2 and Supplementary Table S2 , respectively).
Animal studies
Replication and transmission in naïve domestic poultry species. Antigenic analyses of recent H9N2 viruses indicated that, since 2007, significant antigenic variability had accompanied genetic evolution of the H9N2 viruses studied. Therefore, to investigate the replication and transmission potentials of the newly emerged H9N2 isolates, groups of 5-week-old specific-pathogen-free (SPF) chickens were inoculated intranasally and intratracheally 
*Prospective antigenic sites in the HA1 region of H9 are indicated (Kaverin et al., 2004 ] from each genotype and compared with infection by the vaccine strain (Ck/Korea/01310/01). Despite no apparent clinical signs of influenza-like illness, confirming their low-pathogenic nature, all of the inoculated viruses could be detected from tracheal swabs in modest titres (2.3-4.3 log 10 EID 50 ml 21 ) at 3 days postinoculation (days p.i.) (Table 4) . However, representative viruses of genotypes B and D could no longer be detected at 5 days p.i., whilst none of the tested viruses could be isolated at 7 days p.i.
In the tissues collected from two infected chickens at 5 days p.i., the tested viruses were detected only in the lungs and caecum of infected chickens at mean virus titres of 1.3-2.7 log 10 EID 50 (g collected tissue)
21 (Table 4) . None of the viruses could be detected in the other tissue samples harvested such as kidney and spleen (data not shown). As expected for chicken-adapted H9N2 viruses, all seronegative contact chickens, co-housed with the infected birds after day 1 p.i., were positive for virus transmission by direct contact at 3 days post-contact (p.c.). These data indicated that the novel genotypes of H9N2 viruses remained well adapted for replication and transmission in chickens.
The phylogeny of the NA genes showed that some viruses possessed the N2 segments of H3N2 viruses (genotypes D and E) circulating predominantly among ducks in Korean LPMs , whilst many internal segments were closely related to wild migratory bird isolates (mainly migratory ducks). These results led us to speculate that reassortment might be occurring in naïve ducks and thus may have played a role in the genesis of the recent novel genotypes of H9N2 viruses. We therefore determined the replication and transmission kinetics of the above selected representative viruses in groups of seven 5-week-old serologically naïve ducks, which were intranasally and intratracheally administered with 400 ml virus inoculum (10 6 EID 50 ml 21 ). Except for the genotype A isolate and Ck/Korea/01310/01(vaccine strain), all of the viruses could be detected from tracheal and cloacal swabs at modest titres (1.3-3.3 and 1.7-2.7 log 10 EID 50 ml 21 , respectively) at 2 days p.i. (Table 4) . Noticeably, H9N2 virus genotypes B, E and F could be detected in both specimens up to 6 days p.i. with comparable virus titres. In contrast, genotype C and D viruses were detected only in cloacal swabs until 4 days p.i. Interestingly, genotype A and Ck/Korea/01310/01 viruses were detected only in tracheal swabs at relatively low titres, and no virus titres were obtained from cloacal swabs (Table 4) . In transmission studies, both of the contact birds of the genotype B and F viruses were already positive for virus detection at 2 days p.c., whereas only one contact tested positive for genotypes C, D and E. No evidence of virus transmission by direct contact was observed in the genotype A group. These data clearly demonstrated that some of the novel H9N2 viruses, particularly representative genotype B and F isolates, were considerably better adapted for replication in ducks than the genotype A viruses. Besides phylogenetic analysis, these enhanced replication properties of recent H9N2 viruses in These results demonstrated that these novel genotypes of H9N2 viruses may have the ability to replicate even in H9N2-vaccinated chickens, indicating a lack of efficacy of the current commercial vaccine in protecting immunized hosts from infection with these newly emerged H9N2 viruses, including direct transmission to naïve contact hosts (through respiratory droplets and/or the faecal-oral route).
DISCUSSION
Over the last decade, H9N2 AIVs have circulated worldwide in poultry populations causing mild respiratory disease and reductions in egg production (King, 1991; Swayne & Beck, 2004; Thomas & Swayne, 2007; Thomas et al., 2008) . In Korea, the endemicity of H9N2 AIVs in layer farms since 2000 has resulted in huge economic losses in the local poultry industry. Therefore, the national government conditionally permitted the use of an inactivated vaccine derived from a selected Korean isolate (Ck/ Korea/01310/01 H9N2) to control H9N2 infections in October 2007. However, with the innate capacity of influenza virus to continuously evolve and the relative effect of immune pressures (such as vaccination) further complicating the situation, the use of inactivated vaccine may not completely protect hosts against viral infection and shedding into the environment Lee et al., 2004) . Influenza virus replication per se allows the expression of drifts among subsequent viral populations (Gambaryan et al., 2006; Widjaja et al., 2006) . However, vaccination programmes produce faster antigenic drifts of human and avian influenza viruses (Lee et al., 2004; Suarez et al., 2006) . Lack of protection by H5N2 and H5N1 AIV vaccines from infection with genetically and antigenically drifted viruses in field settings have been demonstrated (Swayne & Kapczynski, 2008) . However, in addition to vaccinal pressure, the contribution of natural immune pressure due to endemic infections in non-vaccinated flocks on influenza virus evolution and on genetic drifts in the HA gene sequence cannot be ruled out (Eggert et al., 2010) .
Here, we showed that H9N2 AIVs isolated in Korea from 2008 to 2009 have evolved since the advent of the H9N2 vaccinations in 2007. Local slaughterhouses in the country are where poultry meat birds (chicken and ducks), mainly from commercial farms and large-scale backyard farms, are brought for slaughter, providing a convenient and effective place to monitor currently circulating AIVs in domestic poultry. Surveillance in layer poultry farms was also desired, but due to lack of proper authorization, sample collection was not carried out. Nevertheless, our results demonstrated that only two H9N2 viruses were isolated in 2008, and the isolation rate then increased gradually from January 2009. This very low isolation rate of H9N2 viruses in 2008 may have been due to the administration of the inactivated H9N2 vaccine. However, subsequently, H9N2 virus infections suddenly re-emerged among avian poultry species. It is noteworthy that a relatively large number of H9N2 viruses (13/30 isolates, 43 %) were isolated from non-vaccinated ducks during this study in contrast to our previous studies where this subtype was usually predominantly detected in chicken populations (Choi et al., 2005; Lee et al., 2007; Moon et al., 2010) .
Genetic characterization revealed that the H9N2 isolates collected in the present study were reassortant viruses bearing segments from multiple genetic resources, specifically from previous H9N2 and H3N2 viruses of LPMs (commonly detected in chickens and ducks, respectively), and unknown influenza viruses of migratory birds, which consequently generated at least five additional novel genotypes. Phylogenetically, the HA and NP genes of all the isolates were strictly derived from a previously characterized predominant genotype of H9N2 virus in 2004 (Ck/Korea/04116/04-like) from domestic chickens. However, the HA genes of all 2009 H9N2 viruses in this study formed a distinct cluster separate from the 2008 isolates (Fig. 1a) . In contrast, the N2 genes of some isolates (genotypes D and E) appeared to have been derived from Korean LPM H3N2-like viruses most notably found in ducks, instead of from earlier Korean H9N2 strains from domestic and wild-bird species. (Table 2 and  Supplementary Table S2 ). Serological analysis further confirmed that the HA genes of these most recent H9N2 viruses, specifically genotypes B, E and F, were antigenically distinguishable relative to the vaccine strain (Ck/Korea/ 01310/01) (Table 3) . Therefore, the genetic divergence observed in the genetic and phylogenetic analyses appeared to be accompanied by antigenic variability. However, more comprehensive analysis is needed to determine whether the molecular mutations observed in the HA1 protein represent antigenic sites. When we tested the novel genotype viruses in H9N2-vaccinated chicken, all were able to replicate and shed the virus through respiratory droplets and faecal routes to transmit the virus to contact birds.
Overall, this study has presented data demonstrating that independent reassortment events coupled with natural and vaccinal immune pressures have been responsible for the rapid evolution of H9N2 AIVs in domestic poultry. Furthermore, our results also give emphasis to the need for periodical updating of the vaccine strain, based on continuous surveillance data, as an important issue in order to provide sufficient protectivity against continuous AIV infections. Considering the quasispecies nature of influenza virus, the need for effective and continuous monitoring of cases of infections among domestic poultry in the country is crucial.
METHODS
Virus sampling and isolation. A total of 615 faecal or cloacal samples from ducks and chickens were collected from various slaughterhouses, where poultry products from most local commercial farms and large-scale backyard farms in Chungcheong province (midwest region of South Korea) are brought for slaughter and processed to be sold as meat birds, from January 2008 to December 2009 (Table 1 ). In addition, one virus (Dk/Korea/CBU08107/08) was specifically isolated from a commercial poultry farm, whilst two others (Ck/Korea/HC09/09 and Ck/Korea/HC0410/09) were obtained from two different backyard poultry farms. Most samples were collected from non-vaccinated avian domestic species. The collected specimens were suspended in antibiotic solution (200 U penicillin ml
21
, 200 mg streptomycin ml 21 and 68 mg amphotericin B ml 21 in PBS) and centrifuged at 6000 g for 15 min at 4 uC. The supernatants were inoculated into 10-day-old embryonated chicken eggs and incubated at 37 uC for 48 h. Allantoic fluid was harvested and clarified by centrifugation at 6000 g for 10 min at 4 uC. The presence of virus was detected by haemagglutination assays performed according to WHO/World Organization for Animal Health recommendations. The allantoic fluid from positive samples was harvested, aliquotted and stored at 280 uC until use. Subtyping was carried out by multiplex RT-PCR assays and confirmed by sequencing as described previously (Chang et al., 2008) .
Genetic and phylogenetic analyses. Viral RNA was extracted from the allantoic fluid of inoculated eggs using an RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. The viral RNA was reverse transcribed at 37 uC for 60 min using Superscript reverse transcriptase (Qiagen) to generate the corresponding cDNA. PCRs were carried out using influenza-specific primers (Hoffmann et al., 2001) and nTaq DNA polymerase (Enzynomics), according to the manufacturer's recommendations. Amplicons were purified using a GeneAll gel extraction kit and sent to Cosmo GeneTech (Seoul, Republic of Korea) for commercial sequencing with an ABI 373 XL DNA sequencer (Perkin-Elmer). DNA sequences were compiled and analysed using Lasergene sequence analysis software package 5.0 (DNASTAR). Multiple sequence alignments were made using CLUSTAL V (Aiyar, 2000) . Rooted phylograms were prepared using a neighbourjoining algorithm and plotted using NJPlot (Perrière & Gouy, 1996) . Branch lengths were proportional to sequence divergence and could be measured relative to the scale bars provided in the figures.
Complete genome sequences of all eight genes of 18 selected viruses isolated from domestic poultry and slaughterhouses between January 2008 and October 2009 were compared with previous Korean wildbird and domestic H9 and H3 virus isolates. In addition, full-genome sequences of corresponding AIVs isolated from neighbouring China, Hong Kong and Japan were also included in the phylogenetic analysis.
HI assay. Polyclonal antibodies were obtained from 5-week-old SPF chickens that had been inoculated with Ck/Korea/01310/01 (vaccine strain of H9N2 in Korea from 2007) ( Table 3) . HI assays were carried out as described elsewhere (Palmer et al., 1975) . Briefly, sera were treated with receptor-destroying enzyme (RDE) from Vibrio cholerae (Denka Seiken) to inactivate non-specific inhibitors with a final serum dilution of 1 : 10. RDE-treated sera were serially diluted twofold and equal volumes of virus (8 haemagglutination units in 50 ml) were added to each well. The microplates were incubated at room temperature for 30 min, followed by the addition of 0.5 % chicken red blood cells. The plates were mixed gently and incubated at 37 uC for 30 min. The HI titre was determined by the reciprocal of the last dilution that contained chicken red blood cells with no agglutination. The limit of detection for the HI assays was set to ¡20 HI units.
Virus replication and transmission in domestic poultry species.
To investigate the replication potential of the newly emerged H9N2 genotype influenza viruses in SPF and seropositive chickens (HI titres: 80-160) against Ck/Korea/01310/01 (vaccine strain), representative viruses from each genotype were inoculated intratracheally and intranasally (400 ml) into groups of four 5-week-old SPF or vaccinated chickens (White Leghorn; CAvac) at a concentration of 10 6 EID 50 ml 21 . To test for potential virus transmission by direct contact, infected chickens were co-housed with two to three contact chickens after day 1 p.i. and observed for 7 days. On days 3, 5 and 7 p.i., tracheal and cloacal swab samples were collected from all chickens and inoculated into 10-day-old embryonated chicken eggs. After 48 h incubation at 37 uC, the presence of the viruses was detected by a standard haemagglutination assay. Using sterile equipment, individual organ tissue samples, such as lung, caecal tonsil, kidney, caecum and spleen, were collected from infected hosts (two chickens) at 5 days p.i. for virus titration. Mean virus titres were expressed as log 10 EID 50 ml 21 or log 10 EID 50 (g tissue sample)
21 computed by the method of Reed & Muench (1938) . The limit of virus detection was set at ,0.7 log 10 EID 50 ml 21 or log 10 EID 50 g 21 .
Groups of seven 5-week-old ducks (Anas platyrhynchos domesticus) that were found to be free of detectable influenza virus by serological testing were inoculated intranasally and intratracheally with 400 ml of representative viruses (10 6 EID 50 ml 21 ). Two uninoculated littermates were co-housed in the same isolator with the experimentally infected ducks to test for transmission. Swabs (cloaca and trachea) were collected at days 2, 4 and 6 p.i. for virus titration in 10-day-old embryonated chicken eggs.
